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The relation between morbid anatomy and physiological function in the lungs was first represented by two elastic spheres attached to a branched tube. This model and its variants serve well to explain distribution of inspired gas; but it fails when gas mixing is considered because it makes an impossible assumptionmixing in the distensible spheres is supposed to be instantaneous and perfect, whilst mixing in the conducting tube is required to be zero. Thus the junction between these two zones (which is in the gas phase) demands an impossible physical situation and the model requires modification. Various models to explain mixing within the known lung anatomy have been proposed; the main difference between these models lies not in the representation of the anatomical information but primarily in the assignation of boundary conditions and secondarily in the approximations which are necessary to the analytic technique. A model is as good as its boundary conditions, and these have proved difficult to define. Though the application of anatomical knowledge is not difficult, our knowledge of the microanatomy of the airways and the lung is very superficial.
The use of models is practised on an increasing scale, and it is unfortunate that their use is so limited, confined as it is to statements of what is not possible and only tentative suggestions of what is possible. Modelling does, however, give great assistance in defining problems with some clarity and in suggesting profitable lines of experimental work. There are three principal morphometric methods available for the study of normal and pathological structure and ultrastructure. These are concerned with: (1) determination of the volumes of the components making up various tissues and organs;
(2) counting of the numbers of structures in organs, tissues or cells; and (3) estimation of surface area. All the methods require careful sampling procedures (Dunnill 1964) and depend on analysis of thin sections. It is proposed briefly to describe these methods and illustrate them with examples from the lung, placenta and kidney.
Volume Determination
Determination of the volume of an organ both before and after fixation is most conveniently carried out by a water displacement method, or, in the case of very small organs such as the pituitary, by using Simpson's rule (Adams et al. 1963) . Differential volumetry involving the determination of the volumes of the different components making up an organ, e.g. the volumes of the cortex, medulla and pelvic tissues of the kidney, depends upon the theorem of Delesse (1848). He was a geologist concerned with measuring quantitatively the mineral content of rock and his theorem states: 'In a rock, composed of a number of minerals, the area occupied by any given mineral on a surface of a section of the rock is proportional to the volume of the mineral in the rock.' This theorem is equally applicable to tissues and organs in biology and the task of differential volume determination thus resolves itself into the determination of areas, or ratios of areas, of the various components on a cut Proc. roy. Soc. Med. Volume 65 June 1972 surface. The simplest, most accurate and biasfree method of doing this is by point counting (Dunnill 1962a) . This depends on the fact that if a number of points are placed at random on the section, or surface, of a composite substance the number of points lying on each component is proportional to the area of the component on the surface, and thus, from the Delesse theorem, to the volume of the component. In practice a grid drawn on transparent plastic material with points situated at the angles of equilateral triangles is used. This is placed at random on the surface of the organ to be studied, and thus sampling is in fact systematic, with a random start. In using this method on whole organs such as the kidney and lung it is necessary to know how many points should be counted in order to achieve a given degree of accuracy, and also whether several slices of the organ or just one slice should be examined in order to obtain accurate estimations of the volume proportions of the components of the organ. The standard error, r, of the estimate of a component on a cut surface or section is given by r=VA(100-A)/N, where A is the percentage of points lying on the component and N is the total number of points counted. From this equation it can be seen that the smaller the proportion to be estimated, the larger the number of points that must be counted for a given standard error. Anderson & Dunnill (1965) have shown that in the lung it is usually advisable to count several slices of the organ. This method is of course applicable to histological material (Chalkley 1943) as well as to gross slices of whole organs.
A simple application of this method to the study of renal growth is illustrated in Fig 1, where the volume of the renal cortex is plotted against age from a series of normal kidneys VOLUME (ml) 200- obtained at necropsy. Dissection of the kidney to remove the cortex and determine its volume would be infinitely tedious and not very accurate, whereas point counting provides an easy and reliable method of volume estimation.
In the lung the method can be applied to the determination of the volume of emphysema in the parenchyma and, from examination of suitable histological sections, to the determination of the volume of the various constituents in the bronchial wall. In a recent study Ryder et al. (1971) have shown that i'n smokers there is a very significant increase in the incidence and volume of emphysema and an increase in the volume of the bronchial mucous glands compared with nonsmokers.
Estimation ofNumbers
The estimation of the number of bodies, e.g. alveoli, glomeruli, &c., in a given volume, from counting the number of transections of the bodies on a section, provided one of the great challenges to the quantitative approach to histology. The problem was dealt with by Weibel & Gomez (1962) using the theorem of Delesse and their solution has been modified by Weibel (1963a) . They showed that the number of bodies, N, in a unit volume is given by N=(nl 5/pp 0-5)K, where n=the number of transections in the unit area, ,=a dimensionless coefficient depending solely on the shape of the structures, p =the volume proportion of the structures, and K=a distribution coefficient which is (D3/D1)'-5, where D1 and D3 are the first and third moments of the distribution of the characteristic linear dimension, D, of the bodies. This method depends on the bodies being randomly distributed, having a well defined shape, and on their size distribution being such that the largest body is small compared to the total containing volume. The histological sections have to be very thin compared with the smallest dimension of the bodies being counted.
This procedure has been used by Weibel & Gomez (1962) and by Weibel (1963b) to estimate the number of alveoli in the normal lung, which was found in the normal adult to be approximately 296 x 106. At birth there are fewer than this and Dunnill (1962b) has shown that alveoli increase in number from approximately 24 x 106 at birth to 280 x 106 at the age of 8 years. These results have recently been confirmed by Davies & Reid (1970) , though the values obtained by them are some 10% higher.
The method is ideally suited to determining the number of glomeruli in the renal cortex and has been used for this purpose (Dunnill, unpublished observations). Each kidney can be shown to contain approximately one million glomeruli. Using this counting technique on ultrathin sections in the electron microscope, Weibel et al. (1969) have estimated the number of hepatocytes in the liver and the number of mitochondria in the hepatocyte.
Surface Area Measurement Measurement of the internal surface area of the lung, i.e. the alveolar surface area, was the first problem to be elucidated in this field. The solution was arrived at independently by Short (1950-51) and by Campbell & Tomkeieff (1952) . The method depends upon the fact that if a line of known length is cast at random on a section of tissue it will be intersected a number of times by the component whose surface area is required. The mean distance between the intersections is termed the mean linear intercept, Lm, and this can be shown to be inversely proportional to the surface area of the component. In practice crossed hair-lines of known length are placed at random on suitable histological sections and the number of intercepts, m, with the surface counted. The mean linear intercept is then calculated from the length of the line used, L, and the number of fields examined, N, from Lm-NL/m. The surface area, S, of the component then follows from: S=2V/Lm,'where V is the volume of the organ containing the component. The total alveolar surface area in an adult is approximately 70 m2 (Weibel 1963b) . The exact value varies with age and the body surface area. There appears to be a' linear relationship between body surface area and pulmonary alveolar surface area during growth (Dunnill 1962b) . A reduction in surface area has been found in emphysema by Duguid et al. (1964) and by Hicken et al. (1966) , the latter authors making the important observation that there was no relationship between the reduction of alveolar surface area and the degree of right ventricular hypertrophy.
The mean linear intercept method was used by Aherne and Dunnill (1966a, b) in-investigating the morphometry of the human placenta. They found that the mean value for the area of the chorionic villous surface at term was 11.0 m2, whereas in placentas associated with maternal hypertension this area was significantly lower, at 8-4 M2. In normotensive pregnancies associated with abnormally small, 'dysmature' infants the villous surface area at term was 6-4 M2. However,' in all cases, whether normal or abnormal, they were able to demonstrate a highly significant correlation between the chorionic villous surface area and the infant's birth weight, and suggested that stunting might be due to primary placental hypoplasia.
If it is required to measure the ratio of surface area to volume of a component in a composite structure, a combination of both point counting and the mean linear intercept method can be employed, as described originally by Chalkley et al. (1949) .
Conclusions
These few brief examples serve to show some of the uses to which morphometric methods may be put. There are many more, both methods and applications, and it seems likely that in the future the techniques of morphometry will enlarge and improve, notably with the introduction of automation, and their use will become more widespread.
